Citrus tristeza virus (CTV) is an acute pathogen that causes serious damage to the citrus industry. Poncirus trifoliata (L.) Raf., a sexually compatible species with Citrus, has resistance against a broad range of CTV strains. Breeding programs have been conducted to introduce the CTV resistance gene from P. trifoliata to Citrus, but no commercial cultivar has yet been developed. In this study, we developed four selection markers linked to CTV resistance to enable marker assisted selection to efficiently introduce CTV resistance into Citrus. The four CTV resistance-linked markers were composed of a co-dominant single nucleotide polymorphism (SNP) marker and three dominant sequence tagged site (STS) markers. All four markers were fitted to the progeny and were linked to CTV resistance, with only 2.8% exceptions. We also developed 46 P. trifoliata allele identification markers from alleles of 35 Citrus species. Among the 46 markers, nine were located in linkage group 2, on which the CTV resistance locus is located. We located the other 31 markers on the rest of the linkage groups so that these markers could be used to distinguish P. trifoliata genome regions remaining in the hybrid progenies. The set of PCR primers developed in this study will be useful for marker assisted backcrossing to introduce the P. trifoliata CTV resistance gene into Citrus.
Introduction
Citrus tristeza virus (CTV) is one of the most acute pathogens of Citrus. It causes severe symptoms on sensitive genotypes of Citrus, such as stem pitting, fruit deformity, weakening of trees, and, ultimately, death. Large numbers of citrus trees in many countries, including Brazil, USA, New Zealand, and Australia, have been seriously damaged by CTV (Bar-Joseph et al., 1989) . This terrible virus is transmitted by aphids; therefore, it is difficult to commercially cultivate CTV sensitive cultivars in CTV distribution areas. As a countermeasure against CTV, cross protection induced by the inoculation of mild strains has been applied in many countries (Kano et al., 1992; Müller, 1980) . On the other hand, the development of CTV-resistant cultivars is required as a more permanent solution for the damage caused by CTV.
Citrus cultivars differ in their sensitivity to CTV. For example, Citrus unshiu Marcow., C. reticulata Blanco, and C. sudachi hort. ex Shirai are not severely damaged, whereas C. paradisi Macfad., C. sinensis (L.) Osbeck, and C. junos Siebold ex Tanaka are highly sensitive (Ieki, 2003) . Some Citrus accessions, for example C. grandis (L.) Osbeck 'Cuban shaddock', 'Peiyu', and 'Chandler' and C. yanbaruensis Tanaka 'Yukunibu', have been reported to be resistant against one tested CTV strain (Fang and Roose, 1999; Yoshida et al., 1983 ), but have not been investigated for a broad range of CTV strains. On the other hand, some rootstocks and Citrus relatives, e.g. C. sunki (Hayata) hort. ex Tanaka '200', C. limonia Osbeck 'Limeira', Severinia buxifolia (Poir.) Ten., Swinglea glutinosa (Bl.) Merr., and Poncirus trifoliata 296 (L.) Raf. (trifoliate orange), are tolerant to certain strains of CTV (Bordignon et al., 2007; Garnsey et al., 1987; Yoshida et al., 1983) . In particular, P. trifoliata, a sexually compatible species related to Citrus, is highly resistant to all CTV strains investigated so far (Garnsey et al., 1987; Gmitter et al., 1996; Mestre et al., 1997; Yoshida et al., 1983) and is used as a CTV-resistant rootstock for citrus production.
Intergeneric hybridization between Poncirus and Citrus has been performed to introduce a CTV resistance gene in some breeding programs. In the USA, an intergeneric hybrid, 'US119', has been developed by crossing P. trifoliata and Citrus (Hearn et al., 1993) . In Japan, a breeding program was conducted to develop CTV-resistant cultivars and 'Kankitsu Chukanbohon Nou 8 Gou' (described as 'Nou-8' in this manuscript) ( Fig. 1) was released (MAFF, The Plant Variety Protection (http://www.hinsyu.maff.go.jp/english/index.htm), Registration number 14544) (Yoshida et al., 2005) . However, both 'US119' and 'Nou-8' are unsuitable for commercial cultivation because they still have unfavorable traits originating from P. trifoliata, such as high acidity, acridity, and long thorns. To substitute these unfavorable traits for Citrus traits, repeated backcrossing, with Citrus accessions as the recurrent parent, is required. Ideally, a fully substituted line with the Citrus genetic background except for the CTV resistance gene region should be prepared for breeding. Genome-wide genotyping can be used to monitor the progress of substitution through the backcross generations and to select highly substituted lines. Thus, it was hypothesized that marker assisted backcrossing could reduce the number of generations for recovery of the recurrent parent genome (Frisch et al., 1999) . Therefore, a CTVresistant cultivar could be bred earlier using a set of CTV resistance-linked markers and P. trifoliata allele identification markers to increase the proportion of Citrus alleles with the CTV resistance gene in new offspring.
Fortunately, CTV resistance is a dominant trait, and the resistance segregates as a single gene (Garnsey et al., 1987; Yoshida, 1985 Yoshida, , 1993 . The CTV resistance gene was the first phenotype mapped on a linkage map (Fang et al., 1998; Gmitter et al., 1996; Mestre et al., 1997) and positional cloning has been performed through fine mapping (Yang et al., 2001) , while these random amplified polymorphic DNA markers linking to CTV resistance were not applicable for the breeding lines conducted in Japan. Subsequently, the genomic region related to CTV resistance was characterized and sequenced (Deng et al., 2001; Yang et al., 2003) . In addition to the fine mapping of the CTV resistance locus, linkage maps have been developed using cleaved amplified polymorphic sequence (CAPS) markers based on ESTs (Omura et al., 2003) . Therefore, we expected to find many sites linked to the single CTV resistance gene and many CAPS markers that would be useful to distinguish P. trifoliata alleles.
In this study, to aid marker assisted backcrossing for introducing the CTV resistance gene of P. trifoliata into Citrus cultivars, we designed PCR primer sets from the CTV resistance locus based on the published DNA sequences and screened these markers, and other CAPS markers, to identify which of them could identify P. trifoliata specific alleles.
Materials and Methods

Plant materials
All plant materials were planted in the research field of the National Institute of Fruit Tree Science, Okitsu Citrus Research Station (Shizuoka, Japan). To screen the PCR-based markers linked to CTV resistance, five accessions from the pedigree used to develop CTVresistant cultivars were used (indicated with asterisks in Fig. 1 ): C. hassaku hort. ex Tanaka, P. trifoliata 'Flying Dragon', 'H·FD-1' (C. hassaku × P. trifoliata 'Flying Dragon'), 'Kiyomi' (C. unshiu 'Miyagawa wase' × C. sinensis 'Trovita'), and 'Nou-8'. The BC 2 individuals of two populations, population 1 (89 individuals) and population 2 (90 individuals), and their parents, were used for further confirmation (Fig. 1) . RP-12 and RP-55, are CTV-resistant progenies of 'H·FD-1' and the parents of population 1 and 2, which were named in order. The other parents of population 1 and 2 were 'Harehime' [('Kiyomi' × 'Osceola') × C. unshiu] and C. grandis 'White type pumelo', respectively (Fig. 1 C. tamurana hort. ex Tanaka, and the five accessions described above (indicated with asterisks in Fig. 1)] were used. To screen P. trifoliata allele identification markers, P. trifoliata 'Flying Dragon', C. hassaku, 94 individuals of population 3 derived from 'Nou-8' × C. grandis 'Siamese Acidless' (Fig. 1), 35 Citrus accessions, and five Poncirus accessions (Table 1) were used.
Development of CTV resistance-linked markers
Based on the sequence of the 282-kb region surrounding the CTV resistance gene (Ctv) locus in P. trifoliata (Yang et al., 2003) , 17 and 32 primer sets were designed on the annotated open reading frame (ORF) and inter-ORF sequences (AF506028), respectively. Firstly, these primer sets were applied to P. trifoliata and C. hassaku, and the presence/absence of amplified fragments and the restriction enzyme polymorphism patterns generated using one of 16 enzymes (MspI, HaeIII, HincII, RsaI, PvuII, StyI, HinfI, MluI, EcoRI, EcoRV, HhaI, NdeII, DraI, XbaI, BamHI, or HindIII) were investigated to identify dominant sequence tagged site (STS) and co-dominant CAPS markers, respectively. Secondly, preliminary screened markers were tested in the five accessions in the pedigree (indicated with asterisks in Fig. 1 ) to clarify their transmission to the progeny. To identify SNPs, PCR fragments of the eight accessions described in the plant materials were directly sequenced using one of the PCR primers. The screened markers were then tested in 35 Citrus species ( Table 1 ) to confirm that they were specific for P. trifoliata. Finally, the association between DNA marker types and CTV resistance was confirmed using the two populations (population 1 and 2) shown in Figure 1 by ELISA, described later.
Screening P. trifoliata allele identification markers
A total of 246 primer sets were selected as initial candidates for P. trifoliata allele identification markers from the Citrus linkage mapping program (Omura et al., 2003) , with sufficient linkage intervals. These primer sets were initially used to screen markers that showed a difference between P. trifoliata 'Flying Dragon' and C. hassaku, with or without digestion by one of the 16 restriction enzymes. The primer sets for the markers identified in the initial screen were then used to clarify the transmission of the markers into the progeny, using population 3 and the parents shown in Figure 1. The screened markers were then tested in 35 Citrus species and five Poncirus accessions shown in Table 1 to clarify their availability for each Citrus species. Finally, the chromosomal positions of the selected markers were checked by comparing them to two Citrus genetic maps. One was constructed from population 3 (unpublished), and the other was constructed from the population of 'Kiyomi' × 'Miyagawa wase' unshu (Omura et al., 2003) . Subsequently, to add to the number of available markers, another 114 STS markers were tested using 'Nou-8', 'Siamese Acidless', and the same 35 Citrus species used in the previous screen, except that the 'Eureka' lemon was used in place of 'Lisbon' lemon.
Experimental methods for DNA typing, sequencing, and ELISA assay DNA was extracted from young leaves according to the method of Dellaporta et al. (1983) . PCR amplification was performed in a 10 µL reaction solution containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.01% gelatin, 0.2 mM each of dNTPs, 10 pmol of forward and reverse primers, 10 ng genomic DNA, and 0.5 U AmpliTaq Gold ® (Applied Biosystems, Life Technologies, USA). PCR programs were as follows: 35 cycles at 94℃ for 1 min, annealing temperature (Tables 2 and 3 ) for 1 min, and 72℃ for 2 min.
For analysis using CAPS markers, the PCR products were digested with one of 16 restriction enzymes. Four microliters of PCR products were mixed with 1.0 µL buffer and two to three units of restriction enzyme, and sterilized water was added up to 10 µL. The reactions were incubated at 37℃ for 90 min before being electrophoresed on a 1.5% agarose gel to identify the specific fragment patterns of Poncirus and Citrus species.
For sequence analysis of the CTV resistance region, the obtained PCR products were purified using a QIAquick PCR Purification Kit (Qiagen, Germany) according to the manufacturer's instructions. A cycle sequence reaction was performed using the BigDye Terminator Cycle Sequence Kit (Applied Biosystems, Life Technologies) with each primer. The obtained products were purified using PERFORMA ® DTR Gel Filtration Cartridges (Edge Bio Systems, USA) according to the manufacturer's instructions. Sequencing was performed using a PRISM 3100 Genetic Analyzer (Applied Biosystems, USA). The DNA sequences obtained from both Citrus and Poncirus (the eight accessions described in Plant materials) were aligned using CodonCode Aligner (CodonCode Corporation, USA) to detect SNPs. SNP typing was performed by a Taqman allele discrimination probe/primer assay using an AB7500 (Applied Biosystems) and a 25 µL mixture. After 40 PCR reaction cycles, released fluorescent levels were measured by the AB7500.
CTV resistance of BC 2 populations, population 1 and 2, and their related clones listed in Figure 1 , were Table 3 . P. trifoliata allele identification markers screened in this study.
z The first 28 markers (Al0316-Fb0202) were selected in the first screening test, and the final 18 markers (Af1036-Tf0388) were selected in additional screening to increase the number of available markers. y Annealing temperature.
x Td means the use of Touch down program; 62, 60, 58, and 56℃ for two cycles in that order, and then 54℃ for the following 30 cycles. w Restriction enzyme not necessary. Yoshida (1996) .
Results
Screening of CTV resistance-linked markers
Seventeen and 32 primer sets were designed on ORFs and on inter-ORF sequences from the 282 kb CTV resistance gene region, respectively. Among them, 16 and 23 primer sets produced a single PCR fragment on P. trifoliata 'Flying Dragon', but 15 and 8 of them also Table 4 . Transportability of CTV resistance-linked markers and Poncirus trifoliata allele identification CAPS markers for 35 Citrus accessions.
z Common names are the same as in Table 1 . y, x, w G, A, and G/A mean G homozygous, A homozygous, and G/A heterozygous types on CTV102R 534(A/G) site, respectively. 
produced the same sized PCR fragment from C. hassaku genomic DNA, respectively; therefore, the one ORF and 15 inter-ORF PCR fragments from P. trifoliata that were missing from C. hassaku were expected to be candidates for Poncirus-specific STS markers. They were tested for their transmission to the progeny. Eight inter-ORF STSs were shown to be transmitted to the progeny in a dominant fashion and were associated with CTV resistance. These selected eight STSs were applied to 35 Citrus species and five Poncirus accessions. Three inter-ORF STS primer sets, CTg12A, CTg17A, and CTg06B (Table 2) , showed amplification only from Poncirus accessions, giving no fragment from any of the 35 Citrus species examined in this study (Table 4) . Other candidate primer sets generated fragments that could not distinguish P. trifoliata alleles from those of Citrus species on the 1.5% agarose gel.
To generate other co-dominant DNA markers, similarsized PCR fragments amplified from both 'Flying Dragon' and C. hassaku were digested with one of 16 restriction enzymes. Between these two accessions, eight CAPS in 15 STSs designed on ORF sequences and two CAPS in eight STSs on inter ORFs sequences were identified; however, the transmission patterns from 'Flying Dragon' to its progeny of the 10 CAPS markers did not match those of CTV resistance. To explore the high throughput co-dominant markers, nine ORF regions from eight individuals, including Poncirus and Citrus accessions, were sequenced and their nucleotide sequences were compared to identify SNP markers. A total of 4,329 bp DNA sequences were compared and 87 possible SNPs were detected. In addition, there were six sites with indel variations of 1 to 16 bp. Among such variations in genome sequences, the "A" SNP type at the site named SNP-CTV102R
534(A/G)
, detected on ORF 2, was specific to Poncirus and its progeny, and the "G" SNP type was detected in all Citrus accessions sequenced (Table 4) . To genotype the SNP-CTV102R
, the following allele discrimination primer/probe set was designed; forward primer, 5'-ACTGGAATGTGTGAAG CAGGTATTT-3', reverse primer, 5'-CGGGACCCACT GATCACAAATTATT-3', FAM-probe (CTV-resistant), 5'-CAACAAAGTaAACTTG-3', and VIC-probe (CTVsensitive), 5'-ACAACAAAGTgAACTTG-3'. The analysis showed "A"-probe-specific FAM fluorescence in all the Poncirus accessions along with the "G"-probespecific VIC signal; however, all 35 Citrus species investigated in this study generated only the "G"-specific signal, which completely matched the results for the presence/absence of the three STS markers (CTg12A, CTg17A, and CTg06B).
In total, three dominant STS markers (CTg12A, CTg17A, and CTg06B), and one SNP (CTV102R 534(A/G) ) marker were selected by the phylogenetic assay. These four markers were then used in segregation tests in the progeny (population 1 and 2) derived from Poncirus to confirm the association between the marker types and CTV resistance/sensitive, as detected by ELISA. The results from the selected three STS and one SNP markers agreed with the ELISA results, except for two out of 179 individuals (1.1%) in both populations, while the result was inconclusive in three individuals (1.6%) (Table 5 ). Thus, in five individuals (2.8%) the marker types did not match the CTV resistance determined by ELISA. Three out of five individuals could not be judged by ELISA because of their weak growth. Two individuals were judged to be "ELISA-" but they were judged as CTV sensitive by all four CTV resistance-linked DNA markers; however, all the CTV-positive progeny, as assayed by ELISA, were judged as CTV-sensitive by all four DNA markers.
Screening P. trifoliata allele identification markers
First, 246 primer sets were tested to screen P. trifoliata allele identification markers. Two hundred twenty-eight out of 246 primer sets showed a difference between P. trifoliata and C. hassaku, with or without restriction digestion. Among these 228 primer sets, 23 primer sets did not show any fragments in P. trifoliata, 54 primer sets showed different fragment lengths between the two accessions, and 151 primer sets identified a CAPS marker using at least one restriction enzyme. Among these 228 STS or CAPS markers, 152 markers showed the expected segregation in population 3 (94 individuals). Overall, the P. trifoliata allele could be tracked from Poncirus to the progeny (indicated by asterisks in Fig. 1 ) for 84 markers. Among these 84 markers, 48 markers originating from a Poncirus allele remained in 'Nou-8', a BC 1 generation from Poncirus, like Mf0097 marker digested with BamHI ( Fig. 2A) , but the other 36 markers had been substituted for Citrus alleles, like Ov0015 marker digested with HaeIII (Fig. 2B) . Finally, to select Poncirus-specific DNA markers that are widely applicable to Citrus species, the 84 markers were used to genotype five Poncirus clones and 35 Citrus species. Four of these 84 markers originating from Poncirus allele were not seen in any of the 35 Citrus species (Table 6 , Ov0015, Ov0105, Ov0305, and Bf0164), while two (Ov0015 and Bf0164) had already been substituted by the Citrus allele in 'Nou-8'. Twenty-four markers were not seen in at least one of the 35 Citrus species [ Table 6 , Al0316-Fb0202, except for the 4 markers described above (Ov0015, Ov0105, Ov0305, and Bf0164)], and 15 had already been substituted by Citrus alleles in 'Nou-8'. As a result, 28 (26 CAPS and two STS) out of the 246 markers initially tested were identified as P. trifoliata allele identification markers (Tables 3 and 6 , Al0316-Fb0202). Subsequently, 114 markers were tested to increase the number of available markers and 18 of them, whose names begin with Af or Tf in Tables 3 and 6 , were screened because: (1) they showed specificity for Poncirus, except that they were present in fewer than five Citrus species, and (2) their map positions were known. Finally, according to two (one was unpublished) Citrus genetic maps (Omura, 2007; Omura et al., 2003) , the chromosomal positions of 40 out of 46 screened markers were found, and 3, 9, 2, 5, 6, 2, 6, 5, and 2 markers were located in linkage groups 1-9, respectively (Table 6 ).
Discussion
CTV resistance-linked markers
In this study, four markers linked to the CTV resistance locus were identified (Table 4) . Three were dominant STS markers, which were designed in possible inter-ORF regions within the CTV resistance gene region, and one was a co-dominant SNP marker that was detected in the 2 nd intron of ORF CTV.2 in AF506028 (Yang et al., 2003) . These four markers were verified as being linked to CTV resistance by comparing ELISA test results for 179 individual progeny (population 1 and 2) with marker genotypes, with only 2.8% exceptions (Table 5 ). These exceptions were probably caused by low viral density in these individuals because there were differences in the multiplication rates resulting from differences in the genomic background among individual plants. No individual that was judged to be CTV-resistant had a detectable virus on ELISA. Even if we used only one of these markers in marker-assisted selection, we could reduce the number of seedlings used by about half because CTV resistance is controlled by a single dominant gene (Yoshida, 1985 (Yoshida, , 1993 and the breeding line is heterozygous for the gene.
Among the four developed markers, the three STS markers can be used more easily than the SNP marker, because they can be simply scored on an agarose gel. On the other hand, the SNP marker is more reliable because it is a co-dominant marker. Thus, we can choose 
Linkage group 
Linkage group Scientific names are the same as in Table 1 and are in the same order. u Located at each linkage group on the 'Kiyomi' × 'Miyagawa wase' unshu map (Omura, 2007; Omura et al., 2003) . a suitable marker for each breeding program, or use multiple markers to ensure the selection. CTV resistance can also be judged by ELISA and RT-PCR methods, but they are more difficult because of possible previous inoculation and the time necessary for viral multiplication. Symptomatic observation must also wait for viral multiplication, and the judgment of resistance can be complicated if the tree is infected with other viruses or viroids. Therefore, we propose that the markers developed in this study will be useful for marker assisted selection to introduce CTV resistance into Citrus cultivars. Naturally, these markers will have important roles in such breeding programs.
P. trifoliata allele identification markers
Among 246 primer sets initially tested, 28 markers (26 CAPS and two STS) were identified as P. trifoliata allele identification markers (Tables 3 and 6 , Al0316-Fb0202). The following criteria were used: (1) they showed a difference between P. trifoliata and C. hassaku, (2) they showed the expected segregation pattern in a population from the pedigree indicated by asterisks in Figure 1 , (3) they produced reproducible fragments in five individuals in the same pedigree, (4) they could distinguish P. trifoliata from at least one of 35 Citrus species, and (5) they could be identified clearly on agarose gel. The map positions of 22 of these 28 markers were identified on the two Citrus maps (Table 6) . Moreover, 18 markers whose map positions were clear were identified by an additional test from among 114 markers to increase the number of available markers for identification of P. trifoliata allele (Tables 3 and 6 , Af and Tf markers). As a result, we could locate P. trifoliata allele identification markers on all linkage groups, which will aid the identification of Citrus alleles with the CTV resistance gene in new offspring (Table 6 ). Interestingly, nine of these markers were located in linkage group 2, which was verified to contain the CTV resistance gene by constructing the genetic map of population 3 (unpublished) and comparing the EST based-CAPS markers located on linkage group 2 of the 'Kiyomi' × 'Miyagawa wase' unshu population (Omura et al., 2003) . This is important because it is difficult to obtain the most desirable offspring that have undergone recombination on both sides of the CTV resistance gene, and CTV resistant-individuals are thought to have a relatively large P. trifoliata chromosome fragment in linkage group 2. Using these nine markers in linkage group 2, it will be possible to identify which offspring have recombination sites on both sides of the gene, and have Citrus DNA flanking. Among 46 Poncirus-specific allele markers, 29 markers were inherited in 'Nou-8'; however, the other 17 markers (shown by superscript 'y' in Table 6 ) appeared to have been substituted by Citrus alleles. We initially thought that we would have to choose selection markers from the 29 markers if we used the progeny of 'Nou-8' as a parent; however, the other 17 markers can be used if other individuals are used that were not derived from 'Nou-8', such as the individuals in population 1 and 2 (Fig. 1) as a parent.
Among the 35 Citrus species, the number of applicable P. trifoliata allele identification markers ranged from 30 for Kawabata-mikan (C. aurea hort. ex Tanaka) to 45 for Yatsushiro-mikan (C. yatsushiro hort. ex Tanaka) (Table 6) , with an average of 38.5. Looking at some CTV-sensitive cultivars, C. paradisi and C. sinensis showed relatively large numbers of identification markers (41 and 42, respectively). C. grandis, C. natsudaidai Hayata, and C. iyo hort. ex Tanaka had average numbers of markers (37, 39, and 38, respectively), and C. junos had a relatively small number (33). These numbers of markers are insufficient to study whole genomic genotypes, but they should be sufficient for marker assisted backcrossing to introduce CTV resistance into Citrus. Our results (Table 6 ) could be helpful to select DNA markers for marker assisted backcrossing in developing various kinds of CTVresistant cultivars. If we select and use one CTV-linked marker and the 30 (the minimum number of identification markers observed in Kawabata-mikan) P. trifoliata allele identification markers referred to in Table 6 , we will be able to identify an individual that has the most Citrus alleles and the CTV resistance gene among the offspring, with a probability of about 1 to 2 billion (nearly equal 2 31 ) through some generations. In the breeding practice at the NIFTS (NARO, Japan), we usually grow about 2,000 individuals, for which the average number for one crossing combination is about 100 in any one year. Therefore, we expect field performance to increase if DNA markers are routinely used for selecting individuals for breeding hybrids. We are convinced that a set of DNA markers will make a major contribution to marker assisted backcrossing in the CTV-resistant Citrus breeding program.
